Experimental and numerical investigations into the effect of heterogeneities on the recovery of heavy oil by VAPour EXtraction (VAPEX) by Al-Hadhrami, MM et al.
Fuel 135 (2014) 413–426Contents lists available at ScienceDirect
Fuel
journal homepage: www.elsevier .com/locate / fuelReview articleExperimental and numerical investigations into the effect
of heterogeneities on the recovery of heavy oil by VAPour
EXtraction (VAPEX)http://dx.doi.org/10.1016/j.fuel.2014.06.065
0016-2361/ 2014 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
⇑ Corresponding author. Tel.: +968 96964949.
E-mail address: m.al-hadhrami10@imperial.ac.uk (M.M. Al-Hadhrami).Munira M. Al-Hadhrami a,⇑, Abdullah. S. Alkindi b, Ann H. Muggeridge a
aDep. of Earth Science and Engineering, Imperial College London, London SW7 2AZ, UK
b Petroleum Development Oman, Oman
h i g h l i g h t s
 Laboratory experiments.
 Numerical simulations.
 Macroscopic heterogeneity.
 Layered system.
 Systems with shale barriers.a r t i c l e i n f o
Article history:
Received 21 December 2013
Received in revised form 23 June 2014
Accepted 25 June 2014
Available online 18 July 2014
Keywords:
VAPEX
Stabilised oil drainage rates
Heterogeneity
Layered structure
Single discontinuous shalea b s t r a c t
We used a combination of experimental, analytical and numerical approaches to examine the oil drainage
rate obtained from the VAPour EXtraction (VAPEX) process to recover heavy oil. In particular we inves-
tigated the inﬂuence of macroscopic scale heterogeneities through a series of experiments. These heter-
ogeneities comprised layers, a quadrant model and two cases with discontinuous shale barriers above the
injection well. All experiments were performed in well-characterised glass bead packs using glycerol and
ethanol as analogues of heavy oil and solvent respectively. All the porous medium and ﬂuid properties
(including permeability, porosity, viscosity, density, diffusion and dispersion) were measured indepen-
dently. The experimentally measured rates were compared to the estimates derived from the Butler–
Mokrys analytical model. Numerical simulations were validated using the experimental observations
from the homogenous and heterogeneous systems.
The ﬁndings conﬁrmed the square root dependency of the oil rate on permeability (at least for the
range of permeabilities used here) which is consistent with ﬁndings from previous studies. Despite that,
the results indicated that the Butler–Mokrys derived expression under-predicts the physical oil rate, even
when the effects of convective dispersion and end-point density difference (as suggested by other works)
were factored in. Results from the heterogeneous models suggest that layering may not reduce VAPEX oil
drainage rates signiﬁcantly. They also showed that oil was not recovered from the lower permeability
layers. For models with discontinuous shale barriers, the simulations tended to over-predict the oil rate
compared with the experiments.
Overall the rates estimated from the simulations were more comparable to the physical rates than
those estimated from the original Butler–Mokrys analytical derivation. Moreover the simulator was able
to capture the pattern of solvent–oil distribution for both homogeneous models and heterogeneous mod-
els. This would suggest that the Butler–Mokrys model does not properly describe all the physical pro-
cesses that are controlling the oil drainage rate even in homogeneous models.
 2014 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/3.0/).
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The VAPour EXtraction (VAPEX) of heavy oil by solvents is con-
sidered to be one of the most energy efﬁcient, economically attrac-
tive and pollution-free alternatives to thermal extraction methods
[1–28]. VAPEX is suitable for thin, shallow, low permeability reser-
voirs or those underlain by aquifers, since these can result in exces-
sive heat loss and thus poor recovery efﬁciency for thermal
Enhanced Oil Recovery (EOR), methods [14,16,29,30]. CO2 based
solvents have been shown experimentally to be more productive
than methane and ethane based solvents [17,31]. VAPEX may
therefore be a way of improving oil recovery whilst simultaneously
storing excess CO2 in the subsurface and thus reducing greenhouse
gas emissions.
The mechanism was ﬁrst proposed by Butler and Mokrys [9] as
an analogue of Steam Assisted Gravity Drainage (SAGD) in that dif-
fusion driven mass transfer between the solvent–heavy oil reduces
oil viscosity in a similar way to the heat diffusion between the
steam and oil. Two long horizontal wells are drilled parallel to each
other (as in SAGD) in order to maximise the exposure to the reser-
voir. Solvent is then injected into the upper well while the diluted
oil from the solvent–oil diffusion layer drains under gravity to the
lower well (see Fig. 1).
The main uncertainty limiting the ﬁeld application of this pro-
cess is the oil drainage rate and the effect of reservoir heterogene-
ity on the rate. Oil drainage rates are much lower than in SAGD
because the oil viscosity is reduced via mass diffusion and disper-
sion rather thermal diffusion and it is unclear whether these low
rates will be economic. It is very difﬁcult to perform accurate
numerical simulations of the process due to the levels of grid
reﬁnement needed to resolve the diffusion and drainage processes
occurring at the solvent–oil interface. To circumvent this issue But-
ler and Mokrys [9] derived a semi-analytical equation to estimate
oil drainage rate without the need for simulation. Their analysis
assumed that the mixing between the solvent and the heavy oil
driven by molecular diffusion acts to reduce the viscosity of the
oil in a similar way to the way that thermal diffusion reduces the
viscosity of oil during SAGD. The oil drainage rate during VAPEX
can then be estimated from:
Q ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kg/DSohNs
p
ð1Þ
where k is permeability, g is the acceleration due to gravity, h is the
reservoir thickness, / is the porosity and DSo is the initial mobile oil
saturation. The constant Ns in Eq. (1) is determined from the ﬂuid
properties as:Ns ¼
Z cmax
cmin
Dqð1 CsÞDm
lCs
dCs ð2Þ
where Dq is the density difference between the diluted oil–solvent
mixture and vapour, Dm is the molecular diffusion coefﬁcient
between the vapour and the oil, Cs is the concentration of the sol-
vent, lðcsÞ is the viscosity of the solvent–oil mixture, cmax is the
maximum solvent concentration at the outermost boundary of the
diffusion layer, and cmin is the minimum solvent concentration at
the innermost boundary of the diffusion layer. This analysis
assumes ﬁrst contact miscibility between the oil and the vapour.
This is clearly much simpler than performing a ﬁne grid simulation
to predict VAPEX performance but unfortunately seems to
systematically underpredict the drainage rate seen in laboratory
experiments [1–8,13,14,16–18,20–28] In contrast, the only pub-
lished ﬁeld pilot (in Soda Lake, Saskatchewan) obtained oil produc-
tion rates a factor of 10 lower than predicted.
A further uncertainty in the ﬁeld scale application of VAPEX is
the impact of geological heterogeneity. Small (mm to cm) scale
heterogeneities may be expected to increase dispersive mixing
and thus the oil drainage rate. Larger scale heterogeneities (greater
than 10 m) may alter the shape of the solvent cone and thus either
improve or, more likely, reduce the oil drainage rate, depending on
the nature of the heterogeneity.
Worldwide, most extra-heavy oil reservoirs exhibit consider-
able geological heterogeneity at different scales (bearing in mind
the additional ﬂuid heterogeneities which are beyond the scope
of this study). In commercial SAGD projects, reservoir geological
features and associated petro-physical properties are the main
inﬂuences on successful heavy oil extraction[32]. For instance,
the McMurray Formation, within the Athabasca oil sand deposit
in Canada, is considered to be one of the most complicated extra-
heavy oil (more than 106 m Pa s) and low gravity (4–8 API)
geological deposits. It is made up of a continental sequence of
unconsolidated sands and shales overlaying an unconformity sur-
face of Devonian limestone. The Lower McMurray zone is a ﬂuvial
dominated succession consisting of highly braided channels and
sand bars of clean blocky sands associated with intraclast
mudstone breccias whereas the Upper McMurray zone is a highly
channelized mixed ﬂuvial–tidal estuarine deposit. The scale and
style of these channels varies wildly so that lateral continuity
between wells is almost impossible (even for short distances of
<50 m). The channel sands in this unit grade upwards into inclined
heterolithic stratiﬁed units of rippled sandstones and are heavily
burrowed with silty mudstone and clays. This zone is very ﬁne
grained and argillaceous with, often, very low vertical permeability
Nomenclature
Cmin lower limit of solvent concentration (fraction)
Cmax maximum limit of solvent concentration (fraction)
Cs solvent concentration in the oil (fraction)
Dm effective molecular diffusion for solvent in oil phase (L2/
T, m2/s)
g acceleration due to gravity (L/T2, m/s2)
h reservoir drainage height (L, m)
K absolute permeability (L2, m2)
KL longitudinal dispersion (L2/T, m2/s)
KT transverse dispersion (L2/T, m2/s)
Ktotal total dispersion compressing both molecular diffusion
and convective dispersion (L2/T, m2/s)
Ns VAPEX dimensionless number (fraction)
q stabilised oil drainage rate per unit of thickness (L2/T,
m2/s)
v is the pore or interstitial velocity (L/T, m/s)
/ porosity (fraction)
l mixture viscosity (M/(L T), cp)
DSoi initial mobile oil saturation (fraction)
Dqso density difference between pure solvent and oil–solvent
mixture with a concentration c (M/L3, kg/m3)
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and low permeability siltstones [33,34].
There is a signiﬁcant literature in SAGD investigating the impact
of discontinuous shales on oil recovery [35–38], using either phys-
ical or numerical heterogonous models. The shales disrupt the
ideal V shape of the steam chamber but do not always change
the oil rates and/or recovery. Chen et al. showed that the growth
of the steam chamber and the resulting oil drainage were highly
sensitive to shales between the injection and production wells
[35]. The growth of the steam chamber was adversely affected by
discontinuous shales above the injection well but this did not seem
to affect the oil drainage rate. The expansion of the steam chamber
to the top of the reservoir, however, was reported to be adversely
affected in cases where the shale barriers in the above well region
were either continuous or small but with high density. Similarly
Yang and Butler’s SAGD experiments suggested that models with
a high permeability layer at the top of the reservoir provided better
vertical communication and hence more production [38]. They also
observed that heat was still able to penetrate by conduction
through the shale barriers, although the heated oil was not drained
to the producer and was trapped due to the pressure build-up of
undiluted oil underneath the shale.
It is likely that VAPEX performance will respond differently to
heterogeneity from SAGD. This is because the rate of mixing
between the solvent and the oil will be reduced by the tortuosity
of the pore space of the rock (which is affected by pore connectiv-
ity, the porosity and connate water saturation) whereas heat diffu-
sivity depends only upon the conductivity and speciﬁc heat
capacity of the rock (which is controlled by the mineralogy of
the rock as well as the porosity and connate water saturation). This
is exempliﬁed by shale barriers. There will be minimal molecular
diffusion through a shale barrier because of the low porosity, low
permeability and the fact that the pore space of many shales is
ﬁlled with water. In contrast thin shales may allow heat to be con-Fig. 1. Vertical cross section of a heavy oil reservoir illustrating key features of the
VAPEX process.ducted through them because water has a relatively high conduc-
tivity but thicker shales will result in a higher heat loss because of
the thermal heat capacity of the shale and the water contained
within the shale. The inﬂuence of permeability variations on the
VAPEX solvent chamber, however, is likely to be very similar to
their inﬂuence on SAGD.
A limited amount of research has been performed to investigate
experimentally the effect of vertical and lateral variations in per-
meability and of barriers on VAPEX mechanisms. An experimental
study was carried by Jiang and Butler [39] in a 2D
(35.6  21.6  3.2) cm pack, where physical systems with thin
low permeability continuous layers, low permeability discontinu-
ous layers and high permeability sand lenses, were investigated.
In this study the low permeability sand was nearly 43.5D while
the high permeability sand was 217D. As would be expected the
homogeneous low permeability packs produced at a lower oil
drainage rate than systems with high permeabilities. It was also
observed that continuous shale/low permeability barriers pre-
vented the formation of the solvent-vapour chamber above these
barriers (as might be expected) and therefore reduced the VAPEX
performance signiﬁcantly. Different patterns of vertical and hori-
zontal fractures were also investigated in Jiang and Butler study.
Similar to SAGD, it was observed that vertical fractures tended to
improve the recovery, especially in layered systems.
In a different study performed using numerical simulations to
evaluate the impact of reservoir permeability distributions on
VAPEX, Zeng et al. concluded that a random permeability distribu-
tion had a very minor effect on overall VAPEX performance com-
pared to homogeneous cases [40]. It was also noted that the
highest oil drainage rates were obtained for models with a high
permeability layer close to the producer.
Frauenfeld et al. meanwhile, tested the impact of sand lenses
and layering, as well as bottom aquifers [29]. Their physical model
was constructed from a ﬁeld scale reservoir model applying Pujol
and Boberg’s gravity and diffusion scaling criteria [41]. The model
simulated a 30 m thick reservoir underlain by a 10 m thick aquifer
with a geometric ratio of 100:1 (i.e. 30 cm reservoir thickness,
10 cm bottom water zone and 25 cm horizontal well offset). In
these experiments, Kerrobert oil (50,000 mPa s) was used with
butane as the solvent. It was observed that oil drainage rates were
lower in layered systems compared to homogeneous models with
uniform permeabilities, and that the layering resulted in the for-
mation of mini-vapour chambers above the injectors. Interestingly,
it was noticed that low permeability lenses did not severely inhibit
the oil rate as the solvent was diverted sideways and around these
features.
In this paper we investigate the inﬂuence of macroscopic or res-
ervoir scale heterogeneities on VAPEX processes in order to under-
stand the likely inﬂuence of heterogeneity on VAPEX performance
416 M.M. Al-Hadhrami et al. / Fuel 135 (2014) 413–426and to test the ability of commercial simulations to predict these
outcomes. We achieve this by using a combination of well
characterised laboratory experiments and numerical simulation.
We examine the impact of idealised permeability heterogeneities
representative of those encountered in real ﬁelds on both oil drain-
age rate and cumulative oil recovery and compare these results
with those obtained from homogeneous models. The ﬂuid and por-
ous media properties were independently characterised in all the
laboratory experiments so that the results could be compared
directly with the predictions of a commercial reservoir simulator,
without the need for history matching.2. Material and methods
2.1. Experimental approach
2.1.1. Bead pack design
The experiments were all performed in a 2D bead pack con-
structed from clear glass Perspex, with internal dimensions
40 cm  20 cm  0.6 cm. The length (40 cm) and height (20 cm)
of the pack were chosen to be large enough to capture the inﬂu-
ence of macroscopic heterogeneity (keeping the aspect ratio at
2:1) but small enough to ensure uniform packing. The thickness
of the pack (0.6 cm) was chosen to be thick enough to allow multi-
ple beads across the dimension but thin enough to ensure that the
ﬂuids were uniformly distributed across this thickness by
diffusion.
The material of the pack was selected to permit visualisation of
the ﬂuid ﬂow and to be strong enough to withstand experimentalFig. 2. Schematic of the physical mo
Fig. 3. The four different layered packs used in the investigationconditions (20C, 101.32 kPa). The pack represented a symmetry
element of a vertical cross-section through a reservoir undergoing
VAPEX, orientated perpendicular to the horizontal injection and
production wells. The producer was located at the lower corner
of the model while the injector was directly above it, halfway
between the producer and the top of the model reservoir (see
Fig. 2).
The top cover of the model was designed to be removable so
as to allow the beads to be packed and removed. The internal sur-
faces and edges of the pack were coated with a thin layer of soft
silicone sealant material to mitigate as far as possible edge effect
problems and any lack of consolidation of the packing near the
boundaries.
A number of different permeability patterns were created
within this pack using different sized beads (Grades 6 and 11).
These are shown in (Fig. 3). Three of these patterns were formed
of layers of contrasting permeabilities. The aim was to investigate
the impact of layer ordering on oil rate and recovery. The fourth
permeability pattern investigated was that of a quadrant. This
was chosen as it is both geologically relevant (e.g. when a fault
causes an offset between layers) and particularly challenging to
model ﬂow in this pattern using conventional reservoir simulators
[42]. The low permeability layer was formed from the very small
beads (Grade 11) while the high permeability layer was formed
from coarser glass beads (Grade 6). This resulted in a 1:15 perme-
ability ratio between the layers.
Two packs were also constructed to investigate the impact of
the length of a discontinuous shale just above the injection well
on rate and recovery (Fig. 4). The shale lengths and location weredel used in VAPEX experiments.
s into the impact of heterogeneity on VAPEX performance.
Fig. 4. Glycerol saturation of the bead packs with a single discontinuous shale barrier just above the injector at the side with both injector and producer (left hand side of the
model): (a) High permeability with a 20 cm single shale barrier. (b) High permeability with a 10 cm single shale barrier.
Fig. 5. Experimentally measured oil viscosities with solvent concentration com-
pared to the estimated viscosities using the ideal-mixing rule (after Alkindi et al.
[3]).
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According to the simulations the chosen shale location would
interrupt the segregation of the V-chamber to the top of the reser-
voir and would have most effect on oil rate and recovery. The ﬁrst
model consisted of a homogenous high permeability pack with a
single discontinuous shale barrier that was 25% of the total reser-
voir length (10 cm), while in the second model the length of
the barrier was 50% of the reservoir length (20 cm).
In order to generate these various patterns, very thin sections of
glass Perspex with a thickness equal to the internal thickness of the
model were positioned gently into the pack (avoiding scratching
the surface). Beads were then gradually loaded into the vertically
clamped pack using the method described by Caruana and Dawe
[43]. We ensured the beads were closely packed by tapping the
pack gently with a plastic hammer at intervals during packing.
Each layer was packed individually while sealing the other layers
from the open side so as to avoid any mixing between the beads/
layers. The Perspex sections were then slowly removed again while
tapping the pack to re-distribute the beads and ﬁll all the empty
spaces. A compressible rubber strip was used to model the shale.
In each case the strip was slightly wider than the model’s internal
thickness to ensure a complete sealing at the edges and to avoid
movement either of beads or of the barrier during the experiment.
2.1.2. Analogue ﬂuids
Following Alkindi et al. [5,6] we used glycerol to represent the
oil and ethanol to represent the vapour. These analogue ﬂuids were
chosen so that:
(a) Their properties were representative of the real ﬂuids used
in previous experimental studies [11]. In particular we
needed to ensure that the viscosity ratio was such that the
model oil was essentially immobile compared with the sol-
vent and that the density difference between the model oil
and model solvent were typical of real ﬂuids.
(b) The ﬂuids were ﬁrst contact miscible as assumed by Butler
and Mokrys [9] in deriving their analytical expression for
oil drainage rate (Eq. (1)).
(c) We were able to fully characterise the ﬂuid properties for
input into the simulator, to avoid the need for history
matching. The ﬂuid properties are given in Table 1. The
effect of ethanol concentration on glycerol viscosity and
density has been determined previously by Alkindi et al.
[3] and can be determined using the empirical correlations:Table 1
Fluid physical properties of glycerol and ethanol measured at 20 C.
Fluids Density
kg/m3a
Viscosity
Pa sa
Pc kPab TcC
b
Ethanol (C2H5OH) 790 1.20 6140 240.8
Glycerol (C3H8O8) 1260 1390 6680 453
a Alkindi et al. [3].
b Reid et al. [44].
c Tominaga and Matsumoto [45].l ¼ 1:37 expð0:0715cÞ ð3Þ
q ¼ 9:3 103 c2  3:9c þ 1266:4 ð4ÞAs shown in Fig. 5 below, the experimentally measured oil–solvent
mixture viscosities as a function of solvent concentration were well
represented by the ideal mixing rule used in the simulator.
The concentration of ethanol and glycerol in the produced ﬂu-
ids from the experiments was determined from the refractive
index of these ﬂuids and a calibration curve of concentration of
ethanol as a function of refractive index. The calibration curve
was determined by measuring the refractive indices of 32 different
known ethanol–glycerol concentrations using a digital refractom-
eter (Stanley Abbe Refractometer, model 60/ED). This has an accu-
racy of ±0.0002 accuracy. The prism of the refractometer was
carefully rinsed with either ethanol or acetone. The refractometer
was ﬁrst calibrated using pure samples of water, ethanol and glyc-
erol, and the measured values at room conditions compared well
with the values in literature [46]. During the sample preparation,
the volumes of the ethanol and glycerol were gently controlled
using a one millilitre syringe. To eliminate experimental errors
the measurements for each concentration were repeated at least
three times.Density difference
Dq kg/m3
Viscosity ratio lo=ls
fraction
Diffusion
ðDmÞmc =s2c
470 1160 6  1010
Table 2
Measured porosity, permeability and longitudinal dispersion associated with the different beads sizes.
Bead grades US mesh standards Bead size (lm) Porosity (fraction) Permeability (Darcy) Longitudinal dispersion (m2/s)
Grade 6 700–850 40.0 ± 1 150 ± 5 1:6 109
Grade 9 300–400 38.7 ± 1 43 ± 2 8:6 1010
Grade 11 212–250 37.6 ± 1 10 ± 2 6:9 1010
418 M.M. Al-Hadhrami et al. / Fuel 135 (2014) 413–4262.1.3. Petro-physical properties
The values of the porosities, permeabilities and longitudinal dis-
persion associated with each grade/size of beads were measured
using a smaller bead pack that was 17.3  0.6  9 cm. This mini
pack had an inlet and an outlet along opposite sides (to represent
a line drive).
The porosity, permeability and longitudinal dispersion associ-
ated with each bead size are given in Table 2. The porosity of each
size of bead was measured by weighing the pack before and after
fully saturating it with a liquid and dividing the pore volume by
the total internal bulk volume (assuming that the inlet and outlet
lost ﬂuid volumes was negligible). The absolute permeability of
the different beads, meanwhile, was simply calculated from Darcy’
Law by measuring the pressure difference across the inlet and out-
let of the pack using pressure transducers while varying the injec-
tion rates. The longitudinal dispersion coefﬁcient for each bead size
was determined using the method of [47] from efﬂuent proﬁles
resulting from vertical upwards, glycerol–ethanol displacements
in the mini-pack [48]. These displacements were performed at
the same injection rates as used in the VAPEX experiments. This
ﬂow conﬁguration with glycerol displacing ethanol was chosen
in order to eliminate viscous ﬁngering (see discussion in [3,49]).
Transverse dispersion was not measured as previous work by
Alkindi et al. [5] has shown that its effect in these experiments is
negligible.Table 3
Values of gravity to viscous ratios calculated using Eq. (5) for the 3 different
homogeneous experiments.
Experiment Ng=v fraction
High permeability model (Grade 6) 0.65
Average permeability model (Grade 9) 0.19
Low permeability model (Grade 11) 0.042.1.4. Experimental investigations of VAPEX
Before starting an experiment, CO2 was injected at a very low
rate into one side of the pack whilst leaving the outlet on the oppo-
site side of the pack open (see Fig. 4), in order to remove any air
within the pack. The pack was then saturated with glycerol. This
was achieved by mounting the pack vertically an injection port
at the bottom and an outlet port at the top (i.e. in a line drive con-
ﬁguration) and injecting glycerol very slowly through the inlet
whilst allowing the displaced CO2 to escape from the outlet port.
Once the pack was saturated with glycerol (note than any remain-
ing CO2 would have dissolved in glycerol) then this outlet port was
sealed and the outlet port underneath the inlet port was opened (to
represent the cross-section through the injection and production
well). Finally the pack was orientated so the inlet and outlet port
were both on one side.
During all the analogue VAPEX experiments ethanol was
injected at a constant rate using a ‘‘Series 12  6 HPLC’’ pump (ﬂow
rate precision of ±2%), while the producer was held at atmospheric
pressure. Simulations have previously shown that this results in a
constant pressure drop between the injector and producer as is
required for a VAPEX process [6]. The ethanol was dyed with Liss-
amine green (C27H25N2NaO7S2) in very small concentrations
(0.03 g/400 cc) in order to be able to observe the solvent chamber
segregation. This allowed images to be taken of the ﬂuid distribu-
tions and then analysed. This dye was chosen because it does not
affect the measured refractive index and, unlike methylene blue,
does not bleach over time once in contact with glycerol [6]. The
efﬂuent produced was collected using 1 ml measuring cylinders
for accuracy in measuring the production volumes. The solvent
injection rates were chosen so that all ﬂows within the packs were
gravity dominated (one of the requirements of the VAPEX process).This was achieved by calculating the viscous to gravity number for
horizontal ﬂow using Fayers and Muggeridge [50] expression:
Ng=v ¼ Dqlref ð1 lsloÞ
kg
L
H
ð5Þ
where lref is the viscosity of the ﬂuid being displaced (glycerol in
our experiments).The ﬂow is gravity inﬂuenced if Ng=v > 0:1 and
gravity dominated if Ng=v > 10. The velocity v is the horizontal
Darcy velocity, given by v ¼ Q/Hw, where Q is the injection rate, H
is the height of the pack, w is the internal thickness, and / is the
effective porosity of the pack.
Based on these calculations, and also bearing in mind the min-
imum rates that could be achieved by our pump, the solvent injec-
tion rate was set to 0.11 cm3/min in the homogeneous experiments
and 0.07 cm3/min in the heterogeneous experiments. These result
in gravity numbers (see Table 3) that are less than 10 but still
greater than 0.1, except for the very lowest permeability pack.
Based on Eq. (5) these results suggest that ﬂows in our experiments
will be inﬂuenced both by gravity and viscous effects. Preliminary
screening experiments with these rates showed that a V shaped
solvent–oil interface (as is expected in VAPEX gravity dominated
ﬂows) formed even in the lowest permeability experiment. These
experiments suggest all our experiments were gravity dominated
despite the fact that our calculations give Ng=v < 10. We note that
this number was derived for line drives in horizontal or slightly
tilted beds and thus may not be applicable to VAPEX ﬂows.2.2. Numerical simulation
The experiments were simulated using the semi-compositional
numerical simulator CMG-STARS (Computer Modelling Group,
Canada). A 2D (x–z) Cartesian grid was used with the same dimen-
sions as the experimental physical model. We used a
200  160  1 grid in x, z and y directions, respectively. This was
selected after a grid reﬁnement study to ensure that physical dis-
persion dominated the numerical dispersion and that the gravity
dominated ﬂow, particularly at the leading edge of the vapour
chamber.
The porous medium and ﬂuid properties were used directly as
input data so that there was no history matching involved. The
only exception to this was that we increased the permeability of
the top ﬁve rows of grid blocks by a factor of 1000 in order to prop-
erly capture the advance of the leading edge of the vapour cham-
ber. The oil and solvent were modelled as two components and
no water or gas phases were included in the simulation. The ideal
mixing rule was used to calculate the viscosity of solvent–oil
mixtures. The vapour–oil relative permeabilities were entered as
Fig. 6. Comparison of experimentally measured (a) cumulative oil produced (b) oil drainage rates and (c) solvent oil ratios (SOR) with time for homogenous packs formed
from the three different bead grades. The standard deviation in the measured oil rates were (r ± 0.41, 0.65 and 0.34 cm3/h) for grades 11, 9 and 6 respectively.
M.M. Al-Hadhrami et al. / Fuel 135 (2014) 413–426 419straight lines with zero capillary pressures as ethanol and glycerol
are ﬁrst contact miscible. The reference pressure was chosen to be
atmospheric (101 kPa) and the reservoir temperature was set to be
room temperature (20 C). STARS does not have velocity dependent
dispersion at the time of writing so the physical dispersion of eth-
anol in glycerol was modelled by: (a) ﬁnding the maximum sol-
vent–oil frontal advance rate, (b) calculating the corresponding
longitudinal dispersion and then, (c) using that value for the diffu-
sivity in the simulation.
The injector and producer were operated under constant rate
and constant bottom-hole-pressure (BHP) respectively as in the
experiments. The injection well was located in the centre of one
face of the model and the production well was located in the corner
of the model directly underneath the injection well in order to rep-
licate the locations of inlet and outlet in the experiment.3. Results and discussion
We ﬁrst discuss the results from our homogeneous experiments
as we can only really evaluate the impact of heterogeneity onTable 4
Analytically calculated and experimentally measured VAPEX oil drainage rates for homoge
Butler and Mokrys original equation but with different assumptions of Ns values.
Inputs/Oil drainage rates Grade 6 (Coarse beads s
Porosity / (fraction) 0.40
Permeability k (Darcy) 150
Ktotal (m2/s) 2:20 109
Ns (Based on Dm) 3:46 106
Ns (based on Ktotal + density end point difference) 3:10 105
Q (based on Dm) (cm3/h) 0.619
Q (based on Ktotal + end point difference) (cm3/h) 1.85
Avg. experimental rate (cm3/h) 4.2 ± 0.34VAPEX if we compare the results with those obtained from the
homogeneous models.
3.1. Homogenous systems
The physical cumulative oil production, oil drainage rates and
solvent oil ratios (SORs) as a function of time for the three different
homogeneous packs are shown in Fig. 6. Based on these data, the
average stabilised oil drainage rates were estimated to be
1.20 ± 0.51, 2.90 ± 0.47 and 4.2 ± 0.34 cm3/h, for the models with
grade 11, 9 and 6 beads, respectively. As expected the highest
drainage rate, highest recovery and lowest SOR is obtained from
the highest permeability pack.
Themeasured oil drainage rates were comparedwith the analyt-
ically predicted rates estimated from the Butler and Mokrys [9]
equation (Eq. (1)). It is well known that this equation correctly
predicts the oil rates obtained from experiments performed in
Hele–Shaw cells but underpredicts the oil drainage rate obtained
from experiments in porous media [1–8,12,13,15–17,20–23,
25–28,50,52]. Variousmodiﬁcations have been proposed to the But-
ler andMokrys [9] to improve its predictions including replacing thenous bead packs (high, average and low permeability). The calculations are based on
ize) Grade 9 (AVG. beads size) Grade 11 (ﬁne beads size)
0.387 0.376
42.9 10
1:60 109 8:00 1010
3:46 106 3:46 106
2:19 106 1:10 106
0.325 0.155
0.818 0.276
2.9 ± 0.47 1.2 ± 0.51
Fig. 7. The asymptotic underestimation of oil rates observed in both Das and Butler
[14] experiments and this work.
420 M.M. Al-Hadhrami et al. / Fuel 135 (2014) 413–426molecular diffusion coefﬁcient with the longitudinal dispersion
coefﬁcient [2–6] and using the end point density difference instead
of the concentrationweighted density difference ([53]) in the calcu-
lation of Ns (Eq. (2)).
Table 4 compares the oil drainage rates calculated from Eq. (1)
using the molecular diffusion, the longitudinal dispersion and the
longitudinal dispersion + endpoint density difference in the calcu-
lation of Ns. The table also gives the values of Ns used (Cmin was
0.01 and Cmax was 1). These values of Ns are comparable with those
obtained in a range of other studies (e.g. [8,9]).
It can be seen that all the experimental oil drainage rates are
systematically higher than those obtained from the Butler–Mokrys
[9]equation even when using longitudinal dispersion and the end-
point density difference. This difference is similar to that seen by
Das and Butler as can be seen from ﬁg:6 where we have plottedFig. 8. Comparison of solvent–oil distributions for both physical and numerical models o
lowest permeability (formed from grade 11). However the solvent injection rates werethe observed and predicted oil drainage rates as a function of the
square root of permeability [16]. This discrepancy has also been
observed by other workers [1–8,12,13,15–17,20–23,25–28,50,52]
and suggests that there is some problem with the Butler–Mokrys
equation.
Various explanations for this underprediction of oil rate have
been proposed including higher than expected mixing. This has
lead many authors to suggest that the mixing between solvent
and oil is not driven purely by molecular diffusion. Various pro-
cesses by which mixing may be increased have been proposed
including convective dispersion and increased surface area
between the ﬂuids due to the formation of oil ﬁlms on the pore
walls caused by capillary imbibition. In contrast other authors have
suggested that the dependency of oil rate on reservoir thickness is
greater than the square root proposed by Butler and Mokrys [9].
Alternatively Zainee et al. [53] suggested that the gravity drainage
rate was higher than expected because it depends upon the end
point density difference beetle the solvent and oil rather than the
concentration dependent difference suggested by Butler and Mok-
rys. Our results show that including convective dispersion and the
endpoint density difference improve our estimates of drainage rate
but they are still a factor of 4 too small. Capillary pressure cannot
be an explanation in our experiments as our ﬂuids are ﬁrst contact
miscible. Fig. 7 does at least conﬁrm that oil drainage rate does
depend on the square root of permeability as predicted by the But-
ler–Mokrys equation.
The experimental results were also compared to the predictions
obtained using the semi-compositional numerical simulator from
Computer Modelling Group (CMG) STARS. Fig. 8 compares the sol-
vent–oil distributions predicted by the simulator (second and
fourth rows) with the observed saturation proﬁles (ﬁrst and third
rows) for the highest permeability and lowest permeability
homogenous packs. It can be seen that overall the simulations cap-
tured the pattern of the solvent segregation and the physical diffu-f homogeneous packs (a) highest permeability model (formed from grade 6) and (b)
different in these experiments.
Fig. 9. Comparison of experimentally measured and numerically simulated oil rates for highest permeability model (left) and lowest permeability model (right).
Table 5
Average oil drainage rates for high and low permeability packs obtained experimentally and predicted by simulation. The simulator underpredicts oil rate but not as badly as the
Butler–Mokrys model.
Model description Q experimental (cc/h) Q simulation (cc/h) D (Qexp  Qsim)/(Qexp) (%)
High permeability case (injection rate of 1.1 cc/min) 4.2 3.28 22.00
Low permeability case (injection rate of 0.07 cc/min) 1 0.57 43.39
Fig. 10. Experimentally measured cumulative oil recovery measured for homoge-
nous and heterogeneous systems.
Fig. 11. Experimentally measured oil drainage rates with time for the homogenous
and heterogeneous packs.
M.M. Al-Hadhrami et al. / Fuel 135 (2014) 413–426 421sion boundaries observed in the experiments. Looking more care-
fully at these ﬁgures it can be seen that the gravity override of
the solvent chamber in the experiments is more advanced than
that observed in the simulations (see Fig. 9).Fig. 8 compares the simulated oil drainage rates and the exper-
imental values for the highest and lowest permeability models.
These simulations included both longitudinal dispersions and
transverse dispersion. The stabilised oil rates shown here are given
in Table 5. It can be seen that the agreement between the numer-
ical simulations and the experiments is much better than the
agreement between the Butler–Mokrys estimates and the experi-
ments but that the simulation still under-predicted the oil rates
by at least 22 %. This contrasts with the ﬁndings of Alkindi
et al. [5,6] who found an excellent match between the experimen-
tal and simulation results when using the same ﬂuid system but in
a smaller pack and applying lower injection rates.
It is possible that the more advanced gravity over-ride in the
experiments (compared with the simulations) could be due to
the edge effect, despite our use of silicone sealant. Alternatively
this could be due to the way in which gravity is treated in all the
simulator. STARS, in common with most commercial simulators,
uses upstream weighting to determine ﬂuxes into and out of grid
cells. Standard upstream weighting can lead to errors when ﬂow
is gravity dominated as stagnant points or sonic points can occur
[54]. Similar problems in the modelling of gravity dominated ﬂows
in vertical miscible displacements through a system with a single
shale have been observed by [55]. Methods to improve the model-
ling of gravity dominated have been discussed by [56].3.1.1. Impact of layering
Figs. 10 and 11 compare the measured oil drainage rates and
cumulative recoveries as a function of time for the homogenous
and layered systems. The highest oil rates and recovery were
observed in the homogenous model formed from the highest per-
meability beads (Grade 6). The lowest oil rates and recovery were
observed in the homogenous model formed of the lowest perme-
ability beads (Grade 11). The oil rates for the homogeneous model
with intermediate permeability (Grade 9) were between these two.
The interesting observation here is that the oil rate and recoveries
for the various layered models were also just between the low and
high case and exceeded the recoveries obtained from the interme-
diate permeability pack for some systems. We also note that a
higher oil drainage rate and oil recovery are obtained when the
higher permeability layer is above the lower permeability layer.
Fig. 12. Comparison between ethanol–glycerol distributions for: (a) the two layer model with high permeability at the top of the reservoir; (b) the two layer model with high
permeability at the bottom of the reservoir; (c) the three layer model injecting into the high permeability layer; and (d) the quadrant system. No further local grid reﬁnement
has been applied here.
Table 6
The effective arithmetic and harmonic average calculated permeabilities for each bead pack scenario.
Model description Average experimental oil rate (cm3/h) Average simulated oil rate (cm3/h) Underestimation of oil rate % qsimqexpqexp
2 Layers higher permeability layer at the top 3.67 ± 0.23 0.552 90
2 Layers higher permeability layer at the bottom 2.92 ± 0.25 1.74 31
3 Layers (injecting into the higher permeability) 3.41 ± 0.01 1.56 54
Quadrant system 3.34 ± 0.38 1.75 46
422 M.M. Al-Hadhrami et al. / Fuel 135 (2014) 413–426Fig. 12 compares the solvent–oil distributions seen in the exper-
iments with those predicted at the same times by simulation. It can
be seen that in both simulation and experiments the solvent cham-
ber grows preferentially in the higher permeability layer, regard-less of the position of that high permeability layer. This is
particularly obvious in the quadrant model where the juxtaposi-
tion of a lower permeability quadrant with the higher permeability
quadrant prevents spreading of the vapour chamber that has been
Table 7
The arithmetic and harmonic average calculated permeabilities for the layered and
quadrant bead packs.
Model description kArithmetic kHarmonic
2 Layer system, high permeability layer at the bottom 94 22.7
3 Layer system, injecting into high permeability layer 87 20.6
2 Layer system, high permeability layer at the top 94 22.7
Quadrant system 94 22.7
Fig. 14. Comparison of cumulative oil produced as a function of time for the
homogenous high permeability model, high permeability with 10 cm discontinuous
shale and 20 cm discontinuous shale models.
Fig. 15. Comparison of oil drainage rates versus time for the high permeability case,
high permeability with 10 cm discontinuous shale and 20 cm discontinuous shale.
The standard deviation in the measured oil rates were (r ± 0.32, 0.21 and 0.16 cm3/
h) for the high permeability without shale, high permeability with 20 cm shale and
high permeability with 10 cm shale models respectively.
M.M. Al-Hadhrami et al. / Fuel 135 (2014) 413–426 423growing in the higher permeability quadrant. This is despite the
fact that the lower permeability layers has a permeability of 10D.
Clearly the ﬂow is controlled by the permeability contrast between
the layers rather than the absolute permeability. The cumulative
oil recovered from these layered systems is still higher than that
obtained from the lowest permeability homogeneous model
(Fig. 11) despite this bypassing of oil in the lower permeability
layers.
The simulator is less successful at predicting the experimental
ﬂows in layered systems than in the homogeneous systems. Once
again the simulated ﬂows appear to be less gravity dominated than
in the experiments, although the difference appears to be worse in
these layered systems. Table 6 compares the oil drainage rates
obtained experimentally with those predicted by the simulator. It
is possible this is due to there being a higher permeability streak
along the top of the bead pack due to inconsistent packing, how-
ever, as noted in the method section, the permeability of the top
few rows of grid blocks in the simulation has been increased to
replicate this. Again the simulator underpredicts oil drainage rate
but the difference is much larger than in the homogeneous sys-
tems. Moreover this also occurs in the case of the higher perme-
ability layer underneath the lower permeability layer which
suggests that it is not caused by the edge effect.
One challenge in the modelling of VAPEX in heterogeneous res-
ervoirs is how best to upscale the absolute permeability. Jiang and
Butler [39] proposed that this should be the arithmetic mean per-
meability. This would be consistent with the recovery being driven
by the horizontal expansion of the vapour chamber. Alternatively it
could be argued that the most appropriate upscaled permeability
should be something between the harmonic mean permeability
(appropriate for vertical ﬂow) and the arithmetic mean (horizontal
ﬂow) as the oil is draining diagonally downwards along the inter-
face between the oil and solvent chamber. Table 7 lists the arith-
metic and harmonic mean permeabilities for each of the models.
For the quadrant model we also calculated the geometric meanFig. 13. Stabilised measured oil drainage rates for the layered and quadrant models
plotted as a function of the square root of the effective permeabilities using
arithmetic and harmonic averaging methods and also using a scaling based on
drainage height. As can be seen, the correlation of the oil rate with the square root
of permeability times scaled drainage height is most consistent with the results
from the homogeneous packs.permeability (38.7D) and the effective permeability using renor-
malization (23.2D, see equation in [57]).
In Fig. 13 we plot the observed oil drainage rate against the
square root of the arithmetic and theharmonic averagepermeability
for each of the heterogeneous packs. It can be seen that the oil drain-
age rates seen in the layeredmodels fall very close to the straight line
formed by plotting the oil drainage rate versus square root of
permeability for the homogeneous models when the arithmetic
mean permeability is used. The rates do not fall on this line when
the harmonicmean permeability is used. This indicates that, as sug-
gestedby Jiang andButler [39], the arithmeticmean is amore appro-
priate way to upscale absolute permeability in layered systems. We
do note, however, that lower oil drainage rates were obtainedwhen
the lower permeability layer was above the higher permeability
layer than when the higher permeability layer was on top but both
cases have the same arithmetic mean permeability. We also note
that the solvent does not reach the top of the model when the low
permeability layer is on top. In this case (which also applies to the
three layer and quadrant models) the effective permeability must
be calculated for the region of the reservoir accessed by the solvent
and the drainage height is also reduced. According to Eq. (1) the oil
Table 8
The experimentally measured average drainage rates for the cases with a shale barrier.
Model description Average experimental oil rate (cm3/h) Drop in oil rate % ðqExpqHomog: ÞðqHomog: Þ
High permeability homogenous without shale 4.20 0.0
High permeability with a 10 cm single shale barrier 3.48 17.1
High permeability with a 20 cm single shale barrier 3.70 11.9
Fig. 16. Predicted glycerol–ethanol distributions based on the simulation model using STARS for the single 10 cm discontinuous shale.
Fig. 17. Predicted glycerol–ethanol distributions based on the simulation model using STARS for the single 20 cm discontinuous shale.
Table 9
The oil drainage rates predicted for the shale systems by numerical simulation.
Model description Simulations predicted rate KL (cm3/h) Drop in oil rate % ðqexpqhomog Þðqhomog Þ
High permeability homogenous without shale 2.97 0
High permeability with a 10 cm single shale barrier 2.93 1.50
High permeability with a 20 cm single shale barrier 2.88 3.25
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ﬃﬃ
h
H
q
where h is the thickness of the high
permeability layer and H is the overall reservoir thickness. These
results are also plotted Fig. 13 and are most consistent with the
results from the homogeneous packs.
3.2. Impact of discontinuous shale barriers
Figs. 14 and 15 compares the cumulative oil recovery and oil
drainage rates obtained from the bead packs containing a single
discontinuous shale with those obtained from the homogeneous
pack using the same Grade 6 beads. The averaged stabilised drain-
age rates for the three systems are given in Table 8. Again this
could be due to an edge effect along the shale bottom, as the beads
will be less densely packed here, but it may also be due to the way
gravity is modelled in the simulator, as discussed earlier.As expected, the oil rates for models with the shale were
slightly lower than those seen in homogenous packs. The interest-
ing result here is the slight improvement in oil drainage rates as a
result of increasing the length of the shale. It should be noted, how-
ever, that this difference is close to the uncertainty in the measure-
ments, considering the error margin of ±0.21 and ±0.16 cm3/h
respectively for the two scenarios. It is also interesting to note that
the effect of the shale on cumulative oil recovery is much less
occurs when there are layers in the system. This is because the only
that is bypassed is just above the shale whereas in layered systems
complete layers remain unswept, especially if the top layer is a
lower permeability than the layer associated with the injection
well.
Figs. 16 and 17 shows the solvent–oil distributions seen in the
experiments with those predicted by simulations while Table 9
M.M. Al-Hadhrami et al. / Fuel 135 (2014) 413–426 425compares the average oil drainage rates seen experimentally and
obtained from the simulations. The agreement between experi-
ments and simulations is reasonable in both cases although once
again the simulations seem to predict less gravity dominated ﬂows
than the experiments. It can also be seen that the simulation
predicts very little change in oil rate when there is a shale in the
system whilst there is a signiﬁcant drop in oil drainage rate seen
in the experiments.
The numerical simulation models were able to capture the sol-
vent–oil distributions and the basic ﬂow behaviour seen in the
experiments although, as noted in previous sections, the level of
gravity segregation was higher in the experiments than in the sim-
ulations. Again, the experiments gave a higher oil drainage rate
than was predicted by the simulations (see Table 9). This could
be due to an ‘‘edge effect’’ along the shale bottom, as the beads will
be less densely packed here, but it may also be due to the way
gravity is modelled in the simulator, as discussed earlier.4. Summary and conclusions
We have investigated the impact of simple macroscopic heter-
ogeneities on the performance of VAPEX using a mixture of exper-
iments and very ﬁne grid numerical simulations. The ﬁne grid was
needed to capture the development of the vapour chamber and the
ensuing drainage of the diluted oil under gravity as well as to
ensure that physical diffusion dominated the solvent oil mixing
rather than numerical diffusion. The experiments used well-
characterised glass bead packs and the analogue ﬂuid system of
glycerol and ethanol, previously used by [2–6]. These experimen-
tally measured data were assigned in all the simulations, so that
the predictions could be compared directly with the experimental
results without the need for history matching.
The laboratory measurements of oil rate obtained from homo-
geneous bead packs were consistently higher than estimates
obtained from the Butler–Mokrys analytical expression, although
the drainage rate did vary linearly with the square root of perme-
ability as predicted by this expression. Incorporating the effect of
convective dispersion (as suggested by earlier works) and using
the end-point density difference instead of the concentration-
dependent density difference slightly improved the estimated
rates. The stabilised oil rates predicted by simulations were closer
to those obtained experimentally but still were slightly lower than
the measured oil rates in both homogeneous and heterogeneous
systems. It appeared that the discrepancy between the predicated
and the physically measured rates was more marked for the model
with higher permeability (in which ﬂow was more gravity domi-
nated) whilst a better agreement was obtained for low permeabil-
ity models.
Comparisons between the observed and predicted solvent–oil
distributions suggested that ﬂow was less gravity dominated in
the simulations than in the experiments. It is possible that the hor-
izontal growth of the vapour chamber in the experiments was due
to higher permeabilities at the top of the pack however increasing
the permeability in the top few rows of grid blocks in the simula-
tion did not improve the match. It seems possible that this discrep-
ancy is due to the fact that simple upstream weighting does not
capture ﬂows properly around the sonic point. Improved numerical
methods such as those described by [56] may be needed to
improve predictions of gravity dominated ﬂow.
These results indicate that VAPEX is most likely to be adversely
affected by layering in reservoirs. This effect of this layering can be
approximated by using an arithmetic mean of the layer permeabil-
ities although it does not capture the impact of layer ordering on
oil drainage rate and recovery. Upscaling is improved if thearithmetic mean permeability (or absolute permeability of the
upper layer does not contribute to the oil recovery) is multiplied
by the effective drainage height. It would appear that permeability
contrast is most important in determining whether a layer will be
swept rather than its absolute permeability. A single discontinuous
shale just above the injection well will have a slight impact on oil
drainage rate and oil recovery.
Further work needs to be done to determine the exact cause of
the discrepancies between the simulation and the experiments.
Until this is resolved the quantitative results from even ﬁne grid
simulations of the VAPEX process should be treated with caution
although the qualitative differences in recovery between different
realizations of geological heterogeneity are probably correct. The
impact of smaller scale heterogeneities on VAPEX also needs to
be investigated, especially those that reduce the vertical perme-
ability of reservoirs as we expect that these will signiﬁcantly affect
the oil drainage rate.
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